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Abstract

Understanding plant-mediated interactions in agricultural systems may facilitate the development
of novel and improved management practices, which is important, as management of these
insects is currently heavily reliant on insecticides. The fall armyworm, Spodoptera frugiperda (JE
Smith) (Lepidoptera: Noctuidae, Prodeniini), is a sporadic pest of rice fields in the southern
USA. In southwestern Louisiana, this defoliating insect typically attacks rice early in the growth
season, before fields are flooded. Defoliation by fall armyworm larvae may trigger increased
expression of plant defenses, which may result in increased resistance to subsequent herbivores.
The rice water weevil (RWW), Lissorhoptrus oryzophilus Kuschel (Coleoptera: Curculionidae, Stenopelmini), enters rice fields as an adult both before and after flooding, but oviposition and larval infestation occur only after fields are flooded. RWW may be affected by changes in plant
resistance caused by fall armyworm defoliation before flooding. The objectives of this study were
to investigate the plant-mediated effects of natural and artificial defoliation on population densities of RWW larvae after flooding and on the ability of rice plants to compensate for root
injury by RWW larvae. In the 2015 season, fall armyworm defoliation before flooding resulted
in reduced RWW densities after flooding. However, in 2016 no significant effects of fall armyworm defoliation on densities of RWW larvae were detected. Similarly, mechanical defoliation
of rice before flooding did not affect RWW densities after flooding. Although lowest yields were
observed in plots subjected to both root injury and defoliation, there was little evidence of a
greater than additive reduction in yields from simultaneous injury. These results suggest a lack
of plant-mediated interactions among these two pests in rice in the southern USA.

Introduction
Feeding by an herbivore on a plant alters the phenotype
of the plant. These phenotypic changes often include
increases in the expression of resistance-related chemical
or morphological traits, and consequently the resistance
of a plant to herbivores often increases after herbivore
feeding (Lortzing & Steppuhn, 2016). This phenomenon
is known as induced resistance (Karban, 2011). The
changes stimulated by herbivore feeding can be systemic
and long-lasting, and thus an herbivore feeding on a plant
may interact with other herbivores that subsequently feed
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on the same plant via induced changes in the shared host
plant (Santamaria et al., 2013). Such indirect interactions
are important in structuring communities of organisms
associated with plants (Utsumi et al., 2010; Viswanathan
et al., 2015). For example, in a study of herbivory on
Brassica oleracea L. by Pieris rapae (L.), early-season feeding by P. rapae induced responses that caused plants to
be avoided by generalist herbivores but preferred by specialist herbivore species later in the growth season. The
specialist species affected by early-season P. rapae feeding
included sap suckers and chewing herbivores, and thus
early-season P. rapae herbivory dramatically altered the
insect community associated with late-season cabbage
(Poelman et al., 2008). The implications of indirect interactions in agricultural systems are not wholly understood.
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Increased understanding of these plant-mediated interactions may change approaches for managing agricultural
pests, including alterations in pest thresholds, and reduction in synthetic insecticide use.
Rice, Oryza sativa L. (Poaceae), is grown on 161 875 ha
annually in Louisiana, predominantly in the southwestern
part of the state (USDA, 2018). The complex of herbivores
that attack rice in Louisiana represents an ideal system
with which to study the importance of plant-mediated
indirect interactions in agriculture. The complex of herbivores present in Louisiana is similar to the complex present in other rice-growing regions of the southern USA. In
particular, Spodoptera frugiperda (JE Smith) (Lepidoptera:
Noctuidae), the fall armyworm, is a sporadic early-season
pest of rice in southwestern Louisiana. Aboveground defoliation by larval fall armyworm can be economically damaging when levels of defoliation exceed 30%, or if severe
injury to small seedlings necessitates replanting (Pantoja &
Smith, 1986). Lissorhoptrus oryzophilus Kuschel (Coleoptera: Curculionidae), the rice water weevil (RWW), is the
most economically damaging insect pest of rice in the
southern USA. Multiple cohorts of RWW adults arrive in
early-season rice over an extended period of time and feed
on the leaves of rice plants both before and after flooding
(Shang et al., 2004). Oviposition and hence larval infestation occur only after flooding of rice and larvae develop on
the roots of flooded rice, although Saad et al. (2018)
reported that densities of larvae in fields are not correlated
with densities of adults. Injury to rice roots by RWW larvae reduces rice tillering and growth, and at harvest
reduces panicle densities and grain harvest weights (Zou
et al., 2004). The spatial and temporal patterns of fall
armyworm and RWW feeding in rice fields make them
likely candidates to interact indirectly via induction of
plant defenses by fall armyworm defoliation before flooding. Namely, fall armyworm defoliation before flooding
may affect oviposition and larval feeding by RWW after
flooding.
Plant-mediated interactions among aboveground and
belowground insects have been documented in numerous
plant species, although there is a need to validate laboratory observations of aboveground–belowground indirect
interactions under field conditions (Johnson et al., 2012).
Prior experiments with the fall armyworm and RWW provide support for the hypothesis that these pests can interact
indirectly via changes in their shared host plant. In greenhouse experiments, defoliation by fall armyworm has been
shown to have a plant-mediated effect on RWW. Hamm
et al. (2010) found that defoliation of rice by fall armyworm larvae reduced subsequent oviposition on and
emergence of RWW first instars from defoliated plants.
Similarly, severe fall armyworm defoliation of rice plants

already infested with RWW larvae reduced weights of
RWW larvae by 48% and densities of RWW larvae by 32%
compared to non-defoliated plants. Plants with lower
levels of defoliation, however, were as suitable for RWW
larvae as undamaged plants (Tindall & Stout, 2001). Yuan
et al. (2008) reported increased emission of several volatile
organic compounds (VOCs) from rice seedlings injured
by fall armyworm, including linalool, which is a known
defense-related compound. Increased emission of these
types of VOCs following defoliation could impact community structure by attracting parasitoids or other pests.
Plant tolerance refers to the ability of a plant to endure
or compensate for injury by insects and thereby reduce
yield losses resulting from herbivory (Kwok & Laird,
2012). Defoliation of rice before flooding may affect rice
physiology such that defoliated plants are less tolerant of
injury to roots (i.e., less capable of compensating for injury
to roots after flooding). Defoliation of grasses has an overall negative effect on root and shoot biomass (Ferraro &
Oesterheld, 2002). Defoliation often causes short-term
increases in allocation of resources to roots, and these
resources are used later for regrowth of aboveground portions of the plant (Schultz et al., 2013). In the grass Calamagrostis epigejos (L.) Roth, for example, production of new
leaf area was totally reliant on nitrogen stores remobilized
from free amino acids and soluble proteins in the roots
(Kavanova & Gloser, 2005). As a consequence, defoliation
may reduce nitrogen stores in roots and hinder the ability
of plants to later compensate for additional herbivore
injury. Similarly, root regrowth may rely on mobilization
of resources from aboveground portions of the plant. In
maize, Zea mays L., root regrowth following injury by larvae of the western corn rootworm, Diabrotica virgifera
LeConte subsp. virgifera, relied partly on increased
allocation of amino acids from shoots and leaves to roots
(Qu et al., 2016). Thus, simultaneous injury to aboveground and belowground portions of a plant may result in
competition among roots and shoots for resources needed
for recovery. One consequence of combinations of root
injury and defoliation may be greater than additive reductions in yield resulting from competition for vital
resources needed.
Indirect interactions among organisms, including indirect interactions among aboveground and belowground
organisms, may be as important as direct interactions in
structuring communities of organisms (Johnson et al.,
2012; Viswanathan et al., 2015); however, the importance
of indirect interactions in agricultural ecosystems has
rarely been investigated. The field experiments described
here were designed to investigate potential plant-mediated
interactions involving fall armyworm and RWW in drillseeded rice. The first objective was to determine whether
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pre-flood defoliation, via fall armyworm feeding or
mechanical removal of leaves, would increase plant resistance to larval infestations by RWW after flooding. Based
on results from prior experiments conducted under greenhouse and laboratory settings (Hamm et al., 2010), it was
hypothesized that fall armyworm and the RWW would
interact indirectly as a result of changes in young rice
plants induced by fall armyworm or mechanical defoliation before flooding. The second objective was to determine whether mechanical defoliation before flooding
would reduce the ability of rice plants to compensate for
root injury by RWW larvae, as evidenced by reductions in
plant yield. The hypothesis was that reductions in rice
growth and yield in plots subjected to both defoliation and
root pruning would be greater than reductions following
either type of injury alone. To our knowledge, this is
among the first tests of these latter hypotheses under field
conditions.

Materials and methods
Study site and rice cultivation

All experiments were conducted at the Louisiana State
University Agricultural Center H. Rouse Caffey Rice
Research Station, Crowley, Acadia Parish, LA, USA
(30.231422°N, 92.379583°W, 7 m a.s.l.). The soil type at
this site is a Crowley silt loam with pH 7.1 and 12%
organic matter. Fields at this site have been in a rice-fallow
rotation for over 30 years. Rice in all experiments was
drill-seeded in plots measuring 1.3 9 5.5 m with seven
rows of rice at 17.8 cm spacing, at a rate of 78.5 kg ha 1.
The rice varieties CL111 (Linscombe, 2014), and Cocodrie
(Linscombe et al., 2000) were used in resistance experiments, and rice variety Cheniere (Linscombe et al., 2006)
was used in tolerance experiments. Cheniere and Cocodrie
are long-grain, conventional inbred varieties, whereas
CL111 is an herbicide-tolerant long-grain inbred variety.
Previous research has shown that levels of susceptibility to
RWW in CL111, Cocodrie, and Cheniere are similar (Saad
et al., 2018). Fertilization, weed, and disease control practices followed recommendations for drill-seeded rice in
southwest Louisiana (Saichuk, 2014). Dates of planting
and fertilization activities can be found in Table S1.
Insect culture and sampling

Fall armyworm larvae used in experiments were taken
from a laboratory colony. The colony had been initiated
from field-collected insects in 2011 with insects added
from the field each year to maintain genetic variability.
Larvae were reared on artificial diet (Southland Products,
Lake Village, AR, USA). Rearing conditions were L16:D8
photoperiod, 28.3 °C, and 70% r.h.

All experiments relied on natural infestations of RWW,
which were present at high population densities at the
experimental site. The procedure for determining densities
of RWW larvae and pupae on roots after flooding involves
removing soil/root core samples from plots and counting
larvae and pupae associated with roots, and has been
described by N’Guessan & Quisenberry (1994). Larval
densities are expressed as numbers of larvae and pupae per
core sample.
Effects of fall armyworm defoliation on rice resistance to RWW

Three experiments were conducted during the 2015
growth season to test the hypothesis that defoliation by fall
armyworm larvae before flooding reduces the susceptibility of rice to infestation by RWW larvae after flooding. The
rice variety Cocodrie was used in the first two experiments,
whereas both Cocodrie and CL111 were used in the third.
The use of both Cocodrie and CL111 in the third experiment resulted from an error in assigning treatments to
plots. Experiment one employed a completely randomized
design with two treatments and eight replicates, with each
replicate consisting of a ‘microplot’ of rice (see below).
Experiment 2 employed a randomized complete block
design with six blocks and one replicate (microplot) per
block, whereas experiment 3 employed a randomized
complete block design with the two varieties considered as
blocks (random effect), and multiple replicates (microplots) of each treatment within each block. Each block
in experiment 3 contained up to three replicates of each
treatment. Treatments in all three experiments consisted
of a non-defoliated control and a fall armyworm defoliation treatment (‘armyworm’). Treatments were applied
when rice in plots had reached the 3–4 leaf stage. At that
time, a single microplot was established in each larger
drill-seeded plot by enclosing an area of 0.91 m2 with an
open-top enclosure constructed of metal flashing. The
metal flashing was 20 cm high. The microplot was the
experimental unit from which data were collected. Tree
Tanglefoot Insect Barrier (Scotts Company, Marysville,
OH, USA) was applied to the top edge of flashing to prevent escape of larvae. Microplots assigned to the armyworm treatment were infested by placing approximately
15–20 late instars by hand into the microplots, and by giving three shakes of cheesecloth laden with neonates over
plants. Plots were infested for up to 14 days, after which
defoliation was estimated and plots were flooded. Defoliation in plots was rated by visual inspection as percentage
of total leaf tissue consumed. Flooding killed the majority
of fall armyworm; those not killed were removed by hand.
Approximately 2 weeks after flooding, microplots were
core sampled to determine densities of immature RWW
on roots. A second sampling was performed 1 week later.
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Two cores samples per microplot were taken on each date.
Plots were core sampled twice over 2 weeks to increase the
likelihood of detecting induced responses, which often differ with time after injury.
Four similar experiments were conducted in 2016 to
further investigate the effects of defoliation on rice resistance to RWW. These experiments again employed microplots established in larger plots of drill-seeded rice as
described above. Variety Cocodrie was used in three of the
experiments, whereas variety CL111 was used in one. The
treatments in these experiments were factorial combinations of mechanical and fall armyworm defoliation applied
to microplots: uninjured control, fall armyworm
defoliation (‘armyworm’) as described above, mechanical
defoliation (‘mechanical’) as described below, and fall
armyworm infestation combined with mechanical defoliation (‘armyworm + mechanical’). All four experiments
employed a randomized complete block design with four
blocks and a full factorial of the main effects of fall
armyworm defoliation, mechanical defoliation, and their
interaction in each block.
Mechanical defoliation was accomplished using a gaspowered XT120 string trimmer (John Deere, Moline, IL,
USA). All plots assigned to mechanical defoliation treatments were defoliated by trimming plants above the collar
of the third true leaf, which at the time of treatment was
approximately half the height of the plant (Counce et al.,
2000). This resulted in approximately 33% reduction in
plant biomass (data not shown). Mechanical defoliation
was performed the last day of fall armyworm infestation,
and plots were flooded the following day. Natural infestations of RWW larvae commenced at flooding. Plots were
cored to estimate densities of RWW larvae on roots
approximately 2 and 3 weeks after flooding.
Impact of defoliation on tolerance of rice to RWW

Three additional experiments were conducted over the
2015–2016 growth seasons to test the hypothesis that
plants suffering simultaneous belowground and aboveground injury would be constrained in their ability to
recover from both types of injury and would suffer greater
than additive yield losses (i.e., pre-flood defoliation would
reduce the tolerance of rice to RWW larval feeding). One
experiment was performed in 2015 and two in 2016. The
rice variety Cheniere was used in all three experiments,
and experimental treatments were initiated when rice had
reached the 4-leaf stage. Treatments were factorial combinations of mechanical defoliation and insecticidal seed
treatment (to exclude RWW), which were applied to
whole field plots that served as the experimental units. For
the control treatment, plots were not mechanically defoliated and rice seeds were not treated with insecticide. This

resulted in belowground infestation by RWW larvae but
no aboveground injury. For the second treatment (‘Dermacor’), plots were not defoliated and RWW larvae were
excluded from plots by treating seeds with the insecticidal
seed treatment chlorantraniliprole (Dermacor X-100;
DuPont Crop Protection, Wilmington, DE, USA). This
resulted in plots with neither above- nor belowground
injury; these plots were expected to show the highest yields.
For the third treatment (‘defoliation’), plots were mechanically defoliated as described above and were not treated
with Dermacor. This resulted in both belowground injury
by RWW larvae and aboveground injury by mechanical
defoliation. For the final treatment (‘Dermacor + defoliation’), the plots were defoliated with a string trimmer and
seeds were treated with Dermacor to exclude RWW larvae.
This resulted in aboveground injury but not belowground
root injury.
The experimental design for all three experiments was a
randomized complete block design with six blocks and a
full factorial of the main effects of defoliation, Dermacor,
and their interaction in each block. Data from these three
experiments were pooled and analyzed using a single
model (see below). Defoliation was performed 1 day
before flooding. Plots were core sampled once at 28 days
post-flood. When plants reached 100% heading, plant
heights were recorded. Plots were harvested at grain maturity with a mechanical combine. Yields and grain moisture
were recorded and grain yields adjusted to 12% moisture
for analysis.
Statistical analysis

Analyses were performed in SAS software v.9.4 (SAS Institute, 2013) unless stated otherwise. Means, standard deviations, and standard errors were determined in Proc
MEANS. Generalized linear mixed models and Proc
GLIMMIX were used to analyze all count and continuous
data. Poisson distribution and log link were used for count
data (RWW core samples). Gaussian distribution and
identity link were used for continuous data (heights and
yields). Residuals of all continuous data were tested for
normality with Proc UNIVARIATE and the Shapiro–Wilk
test (a = 0.05). There was one data set (yields from the tolerance experiment) in which deviations from normality
could not be corrected. GLMMs are fairly robust to violations of normality, and these raw data were analyzed under
the Gaussian distribution despite the violation.
For the 2015 experiments investigating the effect of
defoliation on resistance to RWW, each of the three experiments was analyzed separately due to differences in experimental design. In experiment 1, treatment effects were
analyzed with fall armyworm defoliation and core sampling date as the fixed effects. For experiments 2 and 3,
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treatment effects were analyzed with block as a random
effect. Fall armyworm defoliation, core sampling date, and
their interaction were included as fixed effects. Due to constraints in the design of experiment 3, the two varieties
were considered as two blocks. Therefore, inferences for
this experiment were made only for treatment effects and
not across varieties. Means were compared with Tukey’s
honestly significant difference (HSD) test (a = 0.05).
For the 2016 experiments investigating the effects of
defoliation on rice plant resistance to RWW, data from the
four experiments were pooled and analyzed using a single
model. Treatment effects were analyzed with experiment
and block as random effects and core sampling date, fall
armyworm defoliation, mechanical defoliation, and their
interaction as fixed effects. Means were compared with
Tukey’s HSD test (a = 0.05).
In addition to the analyses of individual experiments,
a comprehensive meta-analysis was performed using
data from all seven experiments that tested the effects of
prior defoliation on rice plant resistance to RWW. Comprehensive Meta Analysis (v.3.3.070; Biostat, Englewood,
NJ, USA) was used. Sample size, means from core samples, standard deviations, and ‘auto’ generated effect
sizes from control and fall armyworm-defoliated (armyworm) plots were used. Means were generated by averaging the RWW densities of the two core samples in
each experiment and Proc MEANS was used to determine standard deviations.
For the three experiments investigating the impact of
defoliation on tolerance of rice to RWW, treatment effects

were analyzed using experiment and block as random
effects. Fixed effects included defoliation, insecticide treatment, and their interaction. Means of RWW densities,
height, and yield were separated with Tukey’s HSD test
(a = 0.05).

Results
Effects of fall armyworm defoliation on rice plant resistance to RWW

The comprehensive meta-analysis showed no significant
effects of fall armyworm defoliation on densities of RWW
immatures across the seven experiments (Z = 1.404,
P = 0.16), indicating that densities of RWW immatures
did not differ between control and previously defoliated
plots. However, individual experiments showed variable
results both within and across years.
In 2015, mean defoliation in plots infested by fall
armyworm before flooding was 21, 11, and 38%, for the
first, second, and third experiments, respectively. In the
first experiment, densities of RWW were higher in core
samples taken on the second sampling date (core:
F1,28 = 22.83, P<0.001). Additionally, densities of RWW
immatures on the second core sampling date were 47%
lower in defoliated plots than in control plots (armyworm: F1,28 = 7.85, P = 0.009; Figure 1). The interaction of core date and fall armyworm defoliation was not
significant (core*armyworm: F1,28 = 3.60, P = 0.068). In
the second experiment, the effects of core sampling date
(F1,19 = 3.99, P = 0.060) and fall armyworm defoliation
(F1,19 = 0.05, P = 0.82) were not significant, nor their
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Figure 1 Mean ( SE) number of rice
water weevil (RWW) larvae and pupae per
core sample. To test the hypothesis that
defoliation by fall armyworm would
reduce population densities of RWW
larvae after flooding, core samples were
taken twice, for each of the three
experiments performed in 2015. Means
within an experiment capped by different
letters are significantly different (Tukey’s
HSD test: P<0.05).
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Table 1 Effect of pre-flood defoliation by fall armyworm larvae on mean ( SE) densities of rice water weevil (RWW) immatures (number
of RWW larvae and pupae per core sample) after flooding. Core samples were taken twice for each of the four experiments performed in
2016. There were no significant differences between the plots that were untreated (Control), defoliated by fall armyworm (Armyworm),
mechanically defoliated (Mechanical), or injured via both fall armyworm and mechanical defoliation (Armyworm + mechanical)
Treatment
Experiment

Core

Control

1

1
2
1
2
1
2
1
2

12.415
20.875
11.875
23.625
4.750
7.125
6.625
6.000

2
3
4










Armyworm
4.054
4.064
1.280
5.379
1.714
2.641
1.028
1.339

9.830
22.500
13.500
14.625
5.375
6.500
4.500
8.875










1.555
5.196
2.327
4.284
0.851
0.791
1.555
2.436

Armyworm + mechanical

Mechanical
9.913
20.375
15.750
15.125
4.125
5.875
6.625
9.125










3.233
3.306
2.259
2.695
1.068
1.344
3.320
4.028

11.163
19.750
7.625
16.000
2.875
5.000
11.000
6.375










2.715
0.433
0.718
2.828
0.591
0.841
5.172
1.675
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Figure 2 Mean ( SE) number of rice
water weevil (RWW) larvae and pupae per
core sample after flooding, following preflood defoliation (Defoliation), insecticidal
seed treatment (Dermacor), and their
combination (Dermacor + defoliation). In
parentheses, the presence or absence of
RWW is indicated. Core samples to
estimate population densities of RWW
immatures were taken approximately
1 month after flooding. Means capped by
different letters are significantly different
(Tukey’s HSD test: P<0.05).
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interaction (F1,19 = 2.30, P = 0.15; Figure 1). In the
third experiment, effects of core sampling date
(F1,15 = 14.49, P = 0.002) and fall armyworm defoliation
(F1,15 = 21.67, P<0.001) on RWW densities were both
significant, but not their interaction (F1,15 = 0.83,
P = 0.38; Figure 1). Densities of RWW immatures were
approximately 81 and 67% lower in fall armywormdefoliated plots on the first and second core sampling
dates, respectively, compared to densities in control
plots.
In the four 2016 experiments, mean defoliation in plots
infested with fall armyworm larvae was 47, 53, 8, and 47%

Defoliation
(+RWW)

Dermacor
(–RWW)

Dermacor + defoliation

(–RWW)

Treatment

for experiments 1–4, respectively. In the pooled analysis of
all four experiments, no significant treatment or interaction effects on densities of RWW were observed (armyworm: F1,111 = 2.21, P = 0.14; mechanical: F1,111 = 1.85,
P = 0.18; armyworm*mechanical: F1,111 = 0, P = 0.97).
Densities of RWW immatures did vary among core sampling dates across the season (F7,111 = 15.44, P<0.001).
RWW immature densities at the second core sampling
date of experiment 1 and at both core sampling dates of
experiment 2 were significantly higher than RWW immature densities at both core sampling dates of experiment 3
(Table 1).
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Figure 3 Mean ( SE) plant height (cm)
following pre-flood defoliation
(Defoliation), insecticidal seed treatment
(Dermacor), and their combination
(Dermacor + defoliation) in tolerance
experiments in 2015–2016. In parentheses,
the presence or absence of rice water weevil
(RWW) is indicated. Height was measured
when plants reached 100% heading. Means
capped by different letters are significantly
different (Tukey’s HSD test: P<0.05).
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Impact of defoliation on tolerance of rice to RWW

Across the three experiments, the insecticidal seed
treatment (Dermacor) had a strong effect on densities
of RWW immatures, reducing them by about 90%
when compared to untreated plots (F1,51 = 286.00,
P<0.001; Figure 2). Defoliation had no significant
effects on densities of RWW immatures (F1,51 = 3.32,
P = 0.074), nor the interaction of Dermacor and defoliation (F1,51 = 1.64, P = 0.21).

Dermacor + defoliation

(–RWW)

Figure 4 Mean ( SE) yield (kg per plot)
following pre-flood defoliation
(Defoliation), insecticidal seed treatment
(Dermacor), and their combination
(Dermacor + defoliation) in tolerance
experiments in 2015–2016. In parentheses,
the presence or absence of rice water weevil
(RWW) is indicated. Yield was measured
at harvest and adjusted for moisture
content. Means capped by different letters
are significantly different (Tukey’s HSD
test: P<0.05).

Likewise, Dermacor affected plant height (F1,33 = 17.78,
P = 0.002), but not defoliation (F1,33 = 1.98, P = 0.17) or
their interaction (F1,33 = 0.35, P = 0.56). Plants in insecticide-treated plots (Dermacor, Dermacor + defoliation)
showed as much as a 4% increase in height when compared to plants in non-treated plots (control, defoliation)
(Figure 3).
Dermacor seed treatment (F1,52 = 75.06, P<0.001) and
defoliation (F1,52 = 7.76, P = 0.007) both affected grain
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yields, but their interaction did not (F1,51 = 0, P = 0.97).
Yields from plots which received the seed treatment only
(Dermacor) were 18.5% higher than yields from nonmanipulated plots (control; Figure 4). Yields from defoliated plots that were protected from RWW larval feeding
(Dermacor + defoliation) were 13% higher than yields
from control plots. Plots that did not receive insecticidal
seed treatments but were defoliated had 7% lower yields
than plots which were not defoliated or protected from
RWW feeding (defoliation vs. control). Plots that were
subjected to both defoliation and RWW feeding (defoliation) showed a 25% reduction in yields when compared to
plots receiving insecticidal seed treatments (Dermacor),
which suffered neither defoliation nor root pruning by
RWW larvae.

Discussion
In total, seven experiments were conducted over two
growth seasons to test the hypothesis that fall armyworm
injury to aboveground portions of rice plants before
flooding increases resistance of rice to infestation of roots
by RWW larvae after flooding. Despite clear evidence
from prior greenhouse experiments indicating that fall
armyworm feeding increases resistance of rice to subsequent attack by RWW (Tindall & Stout, 2001; Hamm
et al., 2010), meta-analysis of the data showed no significant effect of pre-flood defoliation on post-flood densities
of RWW larvae. There was, however, variability among
experiments both within and among years. This variability
suggests that there may be environmental factors influencing or moderating plant-mediated interactions in the field
that are not present in greenhouse experiments.
Over the three experiments conducted in 2015, reduction in RWW densities in fall armyworm-defoliated plots
relative to control plots was 27%, but results varied markedly over the three experiments. Densities of RWW immatures were approximately 30 and 75% lower in fall
armyworm-defoliated plots in the first and third experiments, respectively, compared to densities in control plots.
Conversely, densities of RWW immatures were approximately 22% higher in fall armyworm-defoliated plots in
the second experiment. We cannot explain this variability
among experimental results in 2015, but it may be related
to pest density, as overall densities of RWW larvae in control plots were approximately 81% lower in the second
experiment compared to the first and third experiments.
Additionally, plants in the second experiment were older
at the time of infestation with fall armyworm, and the level
of defoliation resulting from fall armyworm infestation
was lower than in the first and third experiments.
Inducibility in plants often decreases with plant age (Kwok

& Laird, 2012). Young sagebrush, Artemisia tridentata
Nutt., have been shown, for example, to be better emitters
and receivers of plant volatiles after herbivory than older
plants (Shiojiri & Karban, 2006). Also, strength of induction in plants often increases with level of defoliation. In
soybean, Glycine max (L.) Merr., strength of induction
increased significantly with level of defoliation by Mexican
bean beetle larvae, Epilachna varivestis Mulsant (Underwood, 2000). In a previous study in rice only severe defoliation by fall armyworm was found to affect densities and
larval weights of RWW on roots (Tindall & Stout, 2001).
In contrast to the 2015 experiments, pre-flood defoliation had no significant effects on post-flood infestations of
RWW in four experiments conducted in 2016. Many factors may have contributed to this year-to-year variability
in response to pre-flood defoliation. These factors include
planting date, plant age at defoliation or infestation by
RWW larvae, level of defoliation, soil type, weather, and
rice variety. Many of these factors are not as important
under greenhouse conditions, which may explain why the
effects of fall armyworm defoliation on RWW were
consistently stronger in previous greenhouse experiments
(Hamm et al., 2010) than in these field studies.
Another factor potentially contributing to variation in
results among years is variation in salivary factors from the
fall armyworm. Acevedo et al. (2018) showed that levels of
the salivary enzyme phospholipase C are likely responsible
for variation in levels of defense induction by different
strains of fall armyworm in grasses (Acevedo et al., 2018).
The strain of fall armyworm used to infest plots was not
determined in either 2015 or 2016, but it is possible that
addition of field-collected insects to the colony after experiments were completed in 2015 changed the genetic composition of the colony (and hence the composition of
salivary elicitors and effectors possessed by the larvae).
Finally, differences in seasonal RWW densities may also
partly explain differences in results between 2015 and
2016. Densities of RWW larvae in control plots were 50%
higher in 2016 than in in 2015. High-density infestations
are capable of masking low levels of resistance (Smith,
2005), and it is possible that the higher densities of RWW
present in 2016 compromised the ability to detect the
effect of prior injury on RWW densities.
The mechanisms by which defoliation might lead to
reduced infestation of rice roots by RWW are not known.
However, removal of oviposition sites in defoliated plants
is an unlikely explanation. RWW adults oviposit in rice
leaf sheaths below the water surface (Stout et al., 2002).
Mechanical defoliation is as likely as fall armyworm defoliation to affect these oviposition sites, and significant
reductions in RWW larval densities were not observed
after mechanical defoliation in the experiments reported
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here. It is more likely that fall armyworm injury triggered
biochemical changes in young rice plants that reduced
their suitability as sites for RWW oviposition or hosts for
larval survival. Feeding by chewing herbivores is known to
induce the jasmonic acid (JA) pathway in rice (Zhou et al.,
2009), and exogenous JA is known to induce resistance to
chewing insects in rice (Hamm et al., 2010).
A total of three experiments were conducted over two
growth seasons to test the hypothesis that reductions in
rice growth and yield in plots subjected to both defoliation and root pruning would be greater than reductions
following either type of injury alone. As expected, the
highest yields were observed in plots without defoliation
and with Dermacor seed treatments (i.e., in plots with
no aboveground or belowground injury). Over the three
tolerance experiments, defoliation alone reduced rice
yields by approximately 6%. RWW feeding alone, in
contrast, reduced yields by an average of approximately
18.5% over all three experiments. This suggests that
although rice can often compensate for defoliation, it
cannot do the same when faced with root injury by
RWW, and that root injury is more damaging to rice
than defoliation. Similarly, Lupinus arboreus Sims was
found to be less tolerant of belowground herbivory by
Hepialus californicus Boisduval than aboveground injury
by Orgyia vetusta Boisduval (Maron, 2018). Furthermore, yields in the treatment group subjected to both
defoliation and root injury by RWW immatures (defoliation) were the lowest of all treatments. The combination of RWW feeding and defoliation reduced yields by
approximately 25% when compared to plots protected
from root injury and without defoliation (Dermacor).
This 25% reduction is approximately the same as the
reduction that would be expected if effects of root injury
and defoliation were additive (18.5 + 6%). Thus, there
was no evidence for a greater than additive reduction in
yields (reduced tolerance) in plots simultaneously subjected to aboveground and belowground injury.
The inconsistency in results among experiments in this
study highlights the need to conduct experiments under
field conditions, where many factors influence the expression of resistance and resistance-related traits, and not just
under more controlled conditions in the laboratory or
greenhouse. These experiments demonstrate that fall armyworm on rice interacts only weakly, if at all, with RWW via
changes in rice resistance and tolerance. Relatively few prior
studies have demonstrated indirect interactions under circumstances representative of actual field conditions in commercial agricultural fields. Erb et al. (2011) demonstrated
that infestation of maize by fall armyworm reduced the
colonization and emergence of D. virgifera, which, like
RWW, is a root feeder. However, this reduction only

occurred when fall armyworm arrived on maize plants
before D. virgifera (Erb et al., 2011). In another study, parasitism of Ostrinia nubilalis (H€
ubner), the European corn
borer, was reduced by 98% in maize fields infested with corn
rootworm. The authors suggest reduction in plant size and
density by rootworms was responsible for the reduction in
parasitism (White & Andow, 2006).
The importance of indirect interactions in structuring
communities of insects on plants is currently a topic of
great interest (Stam et al., 2018). This topic has potentially
important implications for integrated pest management,
for example, when management of an early-season pest
changes the likelihood or severity of a pest infestation later
in the season. Current recommendations call for insecticide treatment for fall armyworm in Louisiana rice when
fall armyworm densities exceed one fall armyworm per
two seedlings (Saichuk, 2014). Pantoja & Smith (1986)
observed significant reductions in yields when levels of
defoliation exceeded 33%. The latter results are consistent
with the results of our studies, in which removal of
approximately one-third of plant biomass in the tolerance
experiments resulted in significant loses in yield in one of
three experiments. The relatively small and inconsistent
increases in resistance to RWW in fall armyworm-defoliated plots and the lack of effects on tolerance to RWW
probably do not warrant changes to existing management
practices, and suggest that management practices for these
two pests in rice can continue to be developed independently of one another.
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